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"PIEZOELECTRICITY IN POLYACRYLONITRILE"

Abstract

The piezoelectric and related properties in ion-doped (NH 4 NO3 ,

NaNO 3 ) and undoped films of polyacrylonitrile have been measured

as a function of temperature. The piezoelectric constants of both

ion-doped and undoped films show a maximum around 80 0 C and there-

after decrease markedly with temperature. A maximum of thermally

stimulated discharge current (TSDC) around 900 C is observed in

both ion-doped and undoped films. An abrupt decrease of piezo-

electric constant around 90 C and TSDC maximum around 90 C are

ascribed to randomization of nitrile dipoles in ordered regions.

The piezoelectric constant of stretched films has a tendency to

increase with stretching. The piezoelectric constant, d31,

changes from positive to negative when temperature rises above

ll0C.
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INTRODUCTION

Piezoelectric properties have been investigated for a variety of polymers

(1,2). Since the discovery of strong piezoelectric activity in stretched and

poled polyvinylidene fluoride (PVDF) (3), PVDF has attracted special interest

and has received a variety of practical applications. But a complete under-

standing of the piezoelectricity in polymers has not been achieved.

Space charges and/or preferred orientation of small parts of macromolecules

having nonzero dipole moments are usually considered to be the origin of the

residual polarization of electret polymers. If residual polarization arises

from dipole orientation, a polymer which has large dipole moment may have

high piezoelectric activity. The value of dipole moment per monomer unit of

the form-I crystal of PVDF, which has high piezoelectric activity, is 2.1

Debye units. However, polyacrylonitrile (PAN) repeat units have dipole

moments in excess of 3 Debye units, and its dipoles can be oriented by an

applied electrical field (4,5). Thus, high piezoelectric activity of PAN is

expected.

According to results of infrared internal reflection spectroscopic

measurements by Stupp, et al., (5), randomization of oriented dipoles is

0thermally induced as the temperature is raised above 90 C. Around this tem-

perature, both dielectric relaxation (11-14) and mechanical relaxation (8-10)

have been observed. Therefore, one would expect the piezoelectric constant

to decay irrecoverably in this temperature region.

Piezoelectricity arises from a combination of dielectric and elastic

characteristics. Even though it is a rather complicated phenomenon, some

information about chemical and/or physical structure of a polymer might be

obtained from piezoelectric measurements, since piezoelectricity is strongly

influenced by internal structure of the sample.

I,4



3.

Many papers concerning the structure (16-21) and properties of PAN have

been published, but the piezoelectricity of PAN has not been reported in any

detail. In this paper, the results of the temperature dependence of the

piezoelectric constant of PAN is reported.
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EXPERIMENTAL

Polyacrylontrile (PAN) was purified as follows: PAN powders were dis-

solved in dimethyl formamide (DMF) at a concentration of 5 wt%. The solution

was then poured into distilled water to obtain purified PAN in a loose fibrous

form. This PAN was again dissolved in DMF (2 wt%). PAN films were cast on

a glass surface from the 2 wt% DMF solution under reduced pressure for 24

hours at room temperature. The cast films were then dried in an evacuated

vacuum oven for 24 hours at 40°C. As-cast films were uniaxially stretched

at 90 C and then annealed at 130 C for 30 min. Gold was evaporated onto

each side of the sample to serve as electrodes. PAN films doped with NaNO3

and NIH NO were prepared by first dissolving the salt in DMF and subsequently
4 3

adding it dropwise to the PAN solution in DMF. The PAN powders were suplied

from Standard Oil Company (Ohio), Cleveland, Ohio. The material is reported

to have a weight average molecular weight in excess of 35,000. Thicknesses

of samples ranged from 30 to 54 pm. Dimensions of film samples for piezo-

electric measurements were 2 cm by 0.4 cm, and the area of electrode was

20.21 cm . Dimensions of film samples for thermally stimulated discharge (TSD)

2measurements were 2.5 cm by 2.5 cm, and the area of electrode was 3.14 cm

A Rheovibron model DD-II (Toyo Kogyo Co., Japan) was used to measure the

piezoelectric-strain constant, d31, piezoelectric-stress constant, e3 1, and

elastic modulus, C. The 1-axis is taken along length (stretching direction)

and 3-axis along thickness (poling direction). The dynamic stress and the

piezoelectric polarization induced by applying a sinusoidal alternating strain

of 11 Hz (with oscillating displacement strain of approximately 5 x 10- 6 ) were

measured, and absolute values of d3 1, e31, and C were obtained. The piezo-

electric polarization was detected using charge amplifier under short-circuit

conditions. The measurement was made in the temperature region between room

temperature and about 1500C, with a heating rate of about 1 0 C/min.
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TSDC thermograms and direct current (d.c.) conductivity were recorded

with an Electret Thermal Analyzer (Toyo-Seiki, Seisaku-Sho, Ltd.) (4). The

00

heating rate was 2°C/min. All specimens that were polarized were held for

30 min. under the imposed electrical field at 130 C and then cooled at room

temperature under the applied electrical field. The conditions of the

specimens are listed in Table 1.

NOW"



6.

RESULTS

Figures 1 and 2 show the temperature-dependence of the piezoelectric-

strain constant, d 31 and -stress constant, e31 , for stretched (2 times),

designated PE, and unstretched, designated PN, PAN films. When tension is

given to the specimen at room temperature, negative charge is induced on

that surface to which the positive field was applied. In the case of

stretched films, the piezo-exciting tension is applied in the direction of

the orientation of molecular chains. In the temperature region below about

70C, both d31 and e31 increase with temperature. However, above 800C, d31

and e31 decrease remarkably. The piezoelectric constants of PEI (first run

of a plain, stretched specimen) show a second peak around 1200 C. The piezo-

electric constants for a second run, (PE2) at room temperature, are about

2.5 x 10- 2 of those of the first run. The d -and e31 -constants of PN (a
31 3

plain but not-stretched specimen) do not show the second peak, and these

values at room temperature are about 0.2 of those of PEI.

Figure 3 shows the temperature-dependence of the dynamic elastic modulus,

C, of unstretched film. The decrease of C around 500C and the remarkable

decrease above 70 C may be due to B-relaxation and a -relaxations, respec-a

tively, as observed by Okajima, et al. (7). Ishida, et al. (11) also con-

firmed the B-relaxation around 600C (160Hz) in dielectric measurement, and

they attributed it to a local mode relaxation.

Figure 4 represents the temperature-dependence of both of NH4NO3- and

NaNO 3-doped films. The e31 -constants decrease steeply above 80 C, in the same

manner as those of undoped films. The %1 -constants for each of these samples

are listed in Table 1. Since material AE (doped with ammonium nitrate and

stretched) and SN (doped with sodium nitrate but not stretched) had been

polarized under a field of 2 x 104 V/cm and 1 x 104 V/cm respectively, the

L.t
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observed d31-constants of AE and those of SN are multiplied by normalizing

factor 2.5 and 5, respectively. It is observed that the piezoelectric

constants of PAN have a tendency to increase with elongation. Polarization

by high intensity electrical field also induces high piezoelectric activity.
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DISCUSSION

The piezoelectric constants of unpolarized film is negligible, and the

piezoelectric constants of the second run of a polarized film are vely

small as compared to those of its first run, as shown in Figures I and 2.

This indicates that the piezoelectricity of PAN arises from the residual

polarization induced by applying an electric field to the specimen.

Such polarization arises in PAN from a partial preferred orientation

of dipoles and from space charge effects. Ion-doped PANs are expected to

exhibit greatly magnified space charge effects, as the ions deliberately

added have mobilities suitable for their being displaded during poling

treatments. Since space charges tend to be trapped at a boundary between

two different phases, electrical polarization due to space charge should be

stabilized in inhomogeneous system. This effect is expected to be important

in the case of PAN, because it is inferred to have "structure" at the 10's

of Angstroms size scale. Miyachi and Andrews (10) suggested a three-phase

structure consisting of two different amorphous phases (one more ordered or

strongly cohesively bonded than the other) and a crystalline phase. Hinrichsen

and Orth (18) proposed a two-phase structure based on an observation of

electron micrograph of the surface of drawn PAN. Recent work by Stupp and

Carr (22) contributes further to clarifying this issue. It is thought that

polarization due to space charge may be stable in PAN based on its homo-

geneity and its large nitrile dipole moment.

Figure 5 represents TSD thermograms of both ion-doped and undoped films.

One notes the existence of a depolarization current peak around 90 C in both

ion-doped and undoped film. The maximum is not observed in the second run (P2).

As expected, the depolarization current is increased by ion-doping. This

result supports the notion that the apparent residual polarization is in-

creased by ions. The total charge, Q, released around 900C for A (containing
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ammonium nitrate) and P1 (plain) is about 2 x 10
-6 Coul./cm2 and 1.8 x 10

- 7

Coul./cm 2 , respectively. One sees, therefore, that 0 for NH NO -doped films
43

is about ten times that of undoped PAN. It is obvious that the large

apparent residual polarization of ion-doped film is due to the ions serving

as space charges; the value of nitrile side group dipole moment should not

be influenced by the presence of ions. One would ordinarily expect that

ion-doped films might have high piezoelectric activity if the piezoelectricity

arises from the residual polarization due to space charge. As shown in

Table 1, the piezoelectric constants of ion-doped film at room temperature

fail to reflect the enhanced persistent polarization that the dopant ions

create.

In the temperature region where the TSDC shows maximum, loss of the

preferred nitrile dipole orientation along the thickness direction has been

confirmed from ATR analysis by Stupp and Carr (5). Piezoelectric constants

also decrease remarkably in the same temperature region. Such a decrease in

piezoelectric constants associated with an increase of D.C. conductivity has

been observed for some polymers (23,24). If the decrease of both d and
31

e (shown in Figures 1 and 2) is principally caused by the electrical con-

ductivity, both d31 and e31 of ion-doped films should decrease at lower tem-

peratures than those of undoped films, because of their relatively high

electrical conductivity of ion-doped films, as shown in Figure 6. Figure 6

shows the second run of the temperature dependence of D.C. conductivity.

According to Figure 4, the e -constants of ion-doped films decrease steeply
31

in the same temperature region as that of undoped films. Depolarization

current maximum around 90°C is also observed in both the doped film and the

undoped film. The result suggests that the abrupt decrease in the niezo-

electric constant of PAN around 900 C can be attributed to randomization of

nitrile dipoles. It follows that the main origin of piezoelectricity below
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100 0 C can probably be ascribed to the orientation of nitrile dipoles.

Piezoelectric constant is increased by stretching, as shown in Table 1.

This can be explained as follows: the preferential orientation of the main

chains induces an increase of the orientation of nitrile side groups into

planes tending to be perpendicular to the stretching direction. This

evidence is consistent with other experimental results. Comstock, et al. (4)

noted that stretching PAN to its natural draw ratio (4x) permits a substantial

increase in polarization from TSD measurements. The increase of the infrared

dichroic ratio of nitrile stretching band (2700 cm- ) due to drawing was

also confirmed by Bohn, et al. (16). Similarly, it is well known that

stretched and poled PVDF has very high piezoelectric activity (3,25).

The piezoelectric constant of PAN is smaller than that of PVDF in spite

of the large dipole moment of nitrile groups. Such low piezoelectric activity

of PAN may result from the following. The residual polarization due to dipoles

is small and the degree of rotation of nitrile dipoles due to applied strain

is also small. Since these factors are strongly dependent upon the micro-

structure and crystallinity (order) of the specimen, the difference in piezo-

electric activity between PAN and PVDF is probably caused by the difference

in the inter- and intra-chain molecular organization between them. Chains

in Form-I PVDF, the crystal polymorph having high piezoelectric activity,

have a planar zig-zag conformation, and most of CF2 dipoles orient in a common

direction perpendicular to the chain backbones (26,27).

Bohn, et al. (16) proposed a single phase-laterally ordered model. They

believed that the nitrile groups protrude through the cylinder wall of chain

in random locations, owing to irregular kinking of the chain. Lindenmeyer (15)

suggested, based on the average distance along the c-direction per monomer

unit, that the chains are coiled in some sort of helical conformation.

Calvin and Storr (20) also suggested a helical configuration for PAN. Hinrich-

A
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sen, et al. (18) proposed a two-phase structure consisting of more and less

ordered regions with planar zig-zag conformation in ordered regions. Recently,

Warner, et al. (21) presented a rod-like model consisting of ordered and

less ordered regions and a contorted helical conformation with the nitrile

group oriented at various angles to the axis of the rod within each rod.

Although many details of structure of PAN are not clarified, it may be

thought that the regularity in structure in PAN is less than that of PVDF.

The arrangement of nitrile groups in ordered regions seems to be a crucial

aspect of electrical polarization and piezoelectricity of PAN. The evidence

of relative low piezoelectric activity suggests the random orientation of

nitrile dipoles in ordered regions. This suggestion is consistent with the

result obtained by Bohn, et al. (16) that the dichroic ratios are not very

high, even at very high degrees of chain orientation in the fibers.

It is reasonable to think that the piezoelectricity arises principally

from the residual polarization in ordered regions rather than that in un-

ordered regions. According to the above supposition, the remarkable decrease

in both d31 and e31 around 900C is due to the randomization of nitrile dipoles

in ordered regions. The molecular motion around 90 C and at high temperature

region have been observed in various measurements. Nevertheless, the

molecular characterizations of these relaxations or transitions are not clear.

Minami, et al. (9) ascribed the mechanical relaxations around 1100 C (110 cps)

and 1600C to a molecular motion in paracrystalline regions and amorphous

regions, respectively. Imai, et al. (8) demonstrated that completely amorphous

PAN does not show mechanical relaxation around 95 0C (110 Hz) and solution

grown crystals give a high intensity of relaxation about 950 C but no relax-

ation around 140 C. Bohn, et al. (16) and Hinrichsen (18) observed a tran-

sitional change of interchain distance around 900 C.

Two mechanisms for piezoelectricity due to orientating dipoles are 1)
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intrinsic piezoelectricity due to the rotation of dipoles, and 2) apparent

piezoelectrlity due to the combination of electrostriction constant and the

residual polarization (2). According to the phenomenological theory of

piezoelectricity of inhomogeneous system (28,29), the increase of both d31

and e31 in the temperature region below 800C may be due to one or more of

the following factors: 1) the increase of dielectric constant in amorphous

phases, (2) the decrease of elastic modulus in piezoelectric phases, and (3)

the increase of electrostriction constant in amorphous phases. Although it

is known that the temperature-dependence of piezoelectricity in electret

polymers is affected by the change of electrostrictiol constant with tem-

perature (2), it remains unknown at present which factor is the main reason

for the increase of piezoelectric constants below 800 C in PAN. A similar

ambiguity likewise applies to our current understanding of piezoelectricity

in PVDF (29).

The sign of piezoelectric constant of PAN changes above 1100 C. When

the specimen is stretched above 1100 C, positive charge (negative charge

below 1100C) is induced on the surface of specimen to which a positive elec-

trical field is supplied. Some authors have observed the sign reversal of

piezoelectric constant due to the reasons: 1) the sign reversal of the

piezoelectric constant in piezoelectric phases (30) or (2) a phase angle

exceeding 90 degrees of complex piezoelectric constant which arises from

Maxwell-Wagner effect (31). The sign reversal of the electrostriction co-

efficient, and the coexistence of two origins of piezoelectricity (which

are opposite in sign), are considered as other reasons for sign reversal of

piezoelectric constant. The reason for the sign reversal of the piezoelectric

constant of PAN is not clear at present. Somewhat complicated factors, one

of them being thermal degradation, should be taken into account when the

properties of PAN at high temperature are considered.

IrI
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CONCLUSIONS

The piezoelectric constants of electrically polarized films of purified

PAN decrease abruptly with temperature around 90 0C. The decrease of piezo-

electric constant around 900C is ascribed to the randomization of nitrile

dipoles in ordered regions. The piezoelectric constants of ion-doped films

(NH4NO3, NaNO 3) also decrease with temperature around 90 C. In the same

temperature range, a sharp decrease of elastic modulus and a maximum of

depolarization current of both undoped and ion-doped films are observed.

Even though the total charge released around 900C of NH4 NO3-doped film

(2 x 10- 4 mole/gm PAN) is about ten times that of undoped films, the piezo-

electric constants of ion-doped films are almost the same, or even less than,

those of undoped films at room temperature. The sign of piezoelectric

constant, d31, changes from positive to negative above 1100C.
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FIGURE CAPTIONS

Figure 1. Temperature-dependence of d3 l-constants for stretched (PE) and

unstretched (PN) polyacrylonitrile poled at 1300C under 5 x 104

V/cm for 30 min. PE I the first run; PE 2 = the second run

(cooled after the first run without an applied field).

Figure 2. Temperature-dependence of the e -constants for stretched and un-
31

0 4stretched polyacrylonitrile poled at 130°C under 5 x 10 V/cm for

30 min. PE 1 = the first run; PE 2 = the second run (cooled

after the first run without an applied field).

Figure 3. Temperature-dependence of the elatic modulus, C, for unstretched

polyacrylonitrile measured at 11 Hz.

Figure 4. Temperature-dependence of the e31-constants for NH 4NO3-doped and

stretched (AE) and NaNO 3-doped but unstretched (SN) polyacrylo-

nitrile. Specimens were poled at 130 C under 2 x 104 V/cm and

1 x 104 V/cm respectively for 30 min.

Figure 5. Thermally stimulated depolarization currents from undoped (P)

and from ion-doped polyacrylonitrile (A = NH4NO3 doped film;

S - NaNO 3 doped film) poled at 130°C for 30 min. P1 = the first

measurement, P2 - the second measurement (cooled after the first

run without an applied field). Heating rate was 2°C/min.

1[



Figure 6. Temperature-dependence of the second run of d.c. conductivity

(cooled after the first measurement under an applied field)

for NaNO3 doped and undoped polyacrylonitrile measured at

heating rate of 2 0C/min. P = undoped film; SI - 2 x 10- 5

Fmole/gm PANJ aNO 3 doped film; and S2 5 5 x 10 - 4 [mole/gm PAN7

NaNO 3 doped film. Doped specimens were poled under an electrical

field of 5 x 103 V/cm, and undoped films were poled using

l x 10 4 V/cm.



19.

4.0

PEI

3.0

' 2.0

1.0

PN

50 100 150

TEMPERATURE (°C)

".9

-- - - - -. - . L.•- . -



20l.

4.0-

PEI

3.0-

£0

£1)
0-

0-

NP

22.02

50 00150
TEMPERATURE (a C)



2.21.

2.0-

o

50 100 150
TEMPERATURE (C)



5.0

2.5-

1.0-

r.0

NS

ol

050 100 150
TEMPERATURE (0C)



-5

-6-

-7-

0-

50 100 150
TEMPERATURE (0C)



24.

-5

-6 S2

_1-

-94

b-12

50 100 150
TEMPERATURE (0C)



472:GAN:7i6::am
78u472-608

TECHNICAL REPORT DISTRIBUTION LIST,_! N

No. No.
Copies Copies

Office of Naval Research Defense Documentation Center
800 North Quincy Street Building 5, Caneron Station
Arlington, Virginia 22217 Alexandria, Virginia 22314 12
Attn: Code 472 2

U.S. Army Research Office
ONK Branch Office P.O. Box 1211
536 S. Clark Street Research Triangle Park, N.C. 27709
Chicago, Illinois 60605 Attn: CRD-AA-IP
Attn: Dr. George Sandoz 1

Naval Ocean Systems Center
ONR Branch Office San Diego, California 92152
715 Broadway Attn: Mr. Joe McCartney 1
New York, New York 10003
Attn: Scientific Dept. 1 Naval Weapons Center

China Lake, California 93555
ONR Branch Office Attn: Dr. A. B. Amster
1030 East Green Street Chemistry Division I
Pasadena, California 91106
Attn: Dr. R. J. Marcus I Naval Civil Engineering Laboratory

Port Hueneme, California 93401
ONR Area Office Attn: Dr. R. W. Drisko
One Hallidie Plaza, Suite 601
San Francisco, California 94102 Professor K. E. Woehler
Attn: Dr. P. A. Miller 1 Department of Physics & Chemistry

Naval Postgraduate School
ONR Branch Office Monterey, California 93940
Building 114, Section D
666 Svnmer Street Dr. A. L. Slafkosky
Boston, Massachusetts 02210 Scientific Advisor
Attn: Dr. L. H. Peebles 1 Coummandant of the Marine Corps

(Code RD-I)
Director, Naval Research Laboratory Washington, D.C. 20380
Washington, D.C. 20390
Attn: Code 6100 1 Office of Naval Research

800 N. Quincy Street
The Assistant Secretary Arlington, Virginia 22217

of the Navy (R,E&S) Attn: Dr. Richard S. Miller
Department of the Navy
Room 4E736, Pentagon Naval Ship Research and Development
Washirgton, D.C. 20350 1 Center

Annapolis, Maryland 21401
Commander, Naval Air Systems Command Attn: Dr. G. Bosmajian
Department of the Navy Applied Chemistry Division
Washir.gton, D.C. 20360
Attn: Code 310C (H. Rosenwasser) 1 Naval Ocean Systems Center

San Diego, California 91232
Attn: Dr. S. Yam :oto, Marine

Sciences Division



472:GAN:716:tL
78u 4 72-606

TECHNICAL REPORT DISTRIBUTION LIST, 356A

No. No.

CopiesCoi

Mr. R bert W. Jones Dr. T. J. Reinhart, Jr., Chief
Advanced Projects Manager Composite and Fibrous Materials Branch

Hughes Aircraft Company Nonmetallic Materials Division

Mail Station D 132 Department of the Air Force
Culver City, California 90230 1 Air Force Materials Laboratory (AFSC)

Wright-Patterson Air Force Base, Ohio 454
Dr. C. Giori
lIT Research Institute Dr. J. Lando
10 West 35 Street Department of acro-rolecular Science
Chicago, Illinois 60616 1 Case Western Reserve University

Cleveland, Ohio 44106
Dr. X. Litt
Department of Macromolecular Science Dr. J. Vdite
Case Western Reserve University Chemical and Metallurgical Engineering
Cleveland, Ohio 44106 1 University of Tennessee

Knoxville, Tennessee 37916
Dr. F.. Roe
Department of of Materials Science Dr. J. A. Manson

anc Metallurgical Engineering Materials Research Center
University of Cincinnati Lehigh University
Cineinnati, Ohio 45221 1 Bethlehem, Pennsylvania 18015

Dr. L. E. Smith Dr. R. F. Helmreich
U.S. Department of Commerce Contract RD&E

National Bureau of Standards Dow Chemical Co.
Stability and Standards Midland, Michigan 48640
Washington, D.C. 20234 1

Dr. R. S. Porter
Dr. Robert E. Cohen University of Massachusetts
Chemical Engineering Department Department of Polymer Science and
Massachusetts Ii.stitute of Technology Engineering

Cambridge, Massachusetts 02139 1 Amherst, Massachusetts 01002

Dr. David Roylance Professor Garth Wilkes
Depa:tment of Materials Science and Department of Chemical Engineering

Engineering Virginia Polytechnic Institute and
Massachusetts Institute of Technology State University
Cambridge, Massachusetts 02039 1 Blacksburg, Virginia 24061

Dr. T. P. Conlon, Jr., Code 3622 Dr. Kurt Baum
Sandia Laboratories Fluorochem Inc.
Sandia Corporation 6233 North Irwindale Avenue
Albuquerque, New Mexico I 1 Azuza, California 91702

Dr. Martin Kaufmann, Head Professor C. S. Paik Sung
Materials Research Branch, Code 4542 Department of Materials Sciences and
N;.val Weapons Center Engine.- -.
China Lake, California 93555 1 MassachuE::, .n.:itute of Technology

Cambridge, Massachusetts 02139

2



472:GAN:7i6 : :a
78u4 72-608

TECHNICAL REPORT DISTRIBUTION LIST, 356A

No. No.CoisCopie
Mr. L. A. Smith

Singer Aerospace Picatinny Arsenal
Kearfelt Division SMUPA-FR-M-D
1150 McBride Avenue Dover, New Jersey 07801
Little Falls, NJ 07424 1 Attn: A. M. Anzalone

Building 3401
Dr. M. Broadhurst
Bulk Properties Section Dr. J. K. Gillham
National Bureau of Standards Princeton University
U.S. Department of Commerce Department of Chemistry
Washington, D.C. 20234 2 Princeton, New Jersey 08540

Dr. T. A. Litovitz Douglas Aircraft Co.
Department of Physics. 3855 Lakewood Boulevard
Cathclic University of America Long Beach, California 90846
Washington, D.C. 20017 1 Attn: Technical Library

C1 290/36-84

Dr. R. V. Subramanian AUTO-Sutton
Washington State University
Department of Materials Science Dr. E. Baer
Pullran, Washington 99163 1 Department of Macromolecular Science

Case Wostern Reserve University
Dr. K. Shcn Cleveland, Ohio 44106
Department of Chemical Engineering
Univcrsity of California Dr. K. D. Pae
Berkeley, California 94720 1 Department of Mechanics and

Materials Science
Dr. V. Stannett Rutgers University
Department of Chemical Engineering New Brunswick, New Jersey 08903
North Carolina State University
Raleigh, North Carolina 27607 1 NASA-Lewis Research Center

21000 Brookpark Road
Dr. D. R. Uhlmann Cleveland, Ohio 44135
Department of Metallurgy and Material Attn: Dr. T. T. Serofini, MS-49-1

Science
Center for Materials Science and Dr. Charles H. Sherman, Code TD 121

Engineering Naval Underwater Systems Center
Massachusetts Institute of Technology New London, Connecticut -. -.
Cambridge, Massachusetts 02139 1

Dr. William Risen
Naval Surface Weapons Center Department of Chemistry
White Oak Brown University
Silver Spring, Maryland 20910 Providence, Rhode Island 02192
At tar Dr. J. M. Augl

Dr. B. Hartman I Dr. Alan Gent
Department of Physics

Dr. ;. Goodman University of Akron
Globe "n.i)n inczrporated Akron, Ohio 44304
5757 ::,r-h Green 7ay Avenue
Milwsukee, Wisconsin 53201 1


